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Heterogeneous catalysts which are mainly based on metal particles and metal oxides have 
shown promising acti ity and electivity in several environmental and industrial 
important reactions. Catalysis plays a key role in chemical and material manufacturing, 
fuel cell as well as other energy conversion and pollution control systems. Petroleum 
and fuel industry, in particular, rely largely on heterogeneous catalysis. Since catalysts 
play such a critical role in essential processes, the search for more effective and selective 
catalysts continues to be of great importance for both environmental and commercial 
considerations. The current study focuses on the catalytic conversion of methanol to 
other fuel alternatives and valuable chemicals, especially dimethyl ether (OME) which 
has attracted the attention of several companies and researchers due to its potential use as 
an environmentally clean fuel. 
Several metal oxide catalysts were investigated in this study including chromium(fIl) 
oxide, iron (III)oxide, titanium oxide, aluminum oxide, and several composites based on 
these oxides. The selection of these systems was based on their known activity in acid­
base as well as oxidation-reduction surface reactions. The first part of this work involves 
various studies aimed at developing cost-effective methods to prepare nano-structured 
chromium(I II) oxide-based catalysts. Pure chromium oxide and chromium oxide­
containing catalysts have been prepared by sol gel and forced precipitation methods. 
These are appropriate preparative methods for the synthesis of ultra-fine oxide materials 
at relatively low temperatures and reasonable cost. The effect of chromium on the 
composition and textural properties was characterized by powder X-ray diffraction 
IV 
( R D) transmis ion electron microscopy (TEM), FT I R  spectroscopy, and N2 adsorption. 
[n the second part of this work, the activity and selectivity of these catalysts in methanol 
con ersion to dimethyl ether (OME) and other valuable chemicals was investigated. This 
study in olved all chromium mixed oxides as well as prepared and commercial 
corresponding pure oxides. Comparison between the catalysts and correlation between 
the catalysts' activity and the composition as well as textural characteristics were 
established. 
v 
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CHAPTER I 
I n troduction and Background on Heterogeneous Environmen tal Catalysis 
atal si is a ke process in the ast majority of chemical industries and it is known that 
more than 80% of chemical processes involve at least one catalytic step. Catalysts are 
essential for chemical and materials manufacturing, fuel cell and other energy conversion 
system, combustion devices, and pollution control systemsJ1] Heterogeneous catalysis 
has also played a key role in the field of petroleum industry especially in environmentally 
important processesY] 
Since the selectivity and the activity of the employed catalysts remain the two important 
criteria in any catalytic process, the development of more efficient and selective catalysts 
continues to be an essential and challenging area of environmental catalysis research. 
1.1 Ch romium oxide-based cata lysis 
High surface area chromium( I I I) oxide (Cr203, chromic oxide, Eskolaite) fabricated In 
nano-structured particles[
3] has a wide variety of applications including green pigments, 
heterogeneous catalysis, H2 absorption, oxidation resistance, and coating for thermal 
protection.[4,5] It has been reported that significant reduction of the catalysts particle size 
can improve the catalysts performance in most applications, especially heterogeneous 
catalysis. [6] 
Chromia-based catalysts have been studied for various petrochemical and environmental 
applicationsYl For example, pure Cr203 was studied for the oxidation and degradation of 
2 
hydrocarbons and chlorinated pollutants and it had shown a significant efficiency for 
complete oxidation.f7. 1 Chromia was found to display the highest specific activity in 
catalytic combustion compared with other transition metal oxidesY1 High surface area 
chromia-ba ed materials have been investigated as catalysts for the dehydration of 
alcohols, the dehydrogenation of alkanes and olefins, and isomerization reactions. [9] 
Chromium oxide causes the dehydration of methanol to dimethyl ether due to its acidic 
surface.fIO] 
When chromia is supported on another metal oxide, the structure and reactivity properties 
are altered and an improvement in the activity/selectivity of these chromia-based 
catalysts is observed. The chromium-support surface interaction stabilizes the Cr species 
into different oxidation states. The relative stability of different chromium oxidation 
states depends upon the extent of support surface interaction, which is decided by the 
acid-base properties of the support and the interaction energy between the active phase 
and the supportY] The reason for supporting chromia is that chromium oxide is the active 
catalytic reaction site and the support simply enhances the dispersion of chromia on the 
catalyst surface. [lll This strongly affect the activity and selectivity of supported chromia 
catalysts.[I2l Supported chromia catalysts have been typically prepared by impregnation 
method. [71 
Supported chromium oxide catalysts have shown promising catalytic activity in several 
important reactions, such as complete oxidation of chlorinated volatile organic 
compounds (CY OCs), and dehydrogenation reactionsY 1,131 For example, Cr203 supported 
3 
on Ah O) is emplo ed as the commercial catalyst for dehydrogenation of alkanesYl 
Chromium 0 ide catal sts supported on Ah O), porous carbon, pillared clay, zeolites and 
n02 were reported to be effective for the removal of CY OCS. [ll] These studies indicate 
that the chromium oxide is a major active catalytic reaction site and the catalyst support 
simply enhances the dispersion of chromia on the catalyst surface. 
Mixing transition metal oxides in the form of solid solutions such as binary oxides 
usually leads to modification of their physical and chemical properties. [14] For example, 
Iron oxides are widely used as catalysts for the water-gas shift reaction. Their catalytic 
performance is improved by using different modifiers especially chromium compounds. 
This could be due to the high stabilizing effect of chromium on the surface area of iron 
oxides. However, the role of the Cr20) addition on the stabilization of the catalyst 
structure is still unclear. [15] 
Another example is mixed oxides based on titanium oxide. Titanium oxide (Ti02) also 
attracted much attention because of its industrial applications which exploit its favorable 
biocompatible, photo-catalytic and hydrophilic properties. Since it is chemically inert and 
inexpensive Ti02 has become one of the most frequently used photo-catalysts. The 
incorporation of metal into titanium oxide films can significantly extend the photo­
catalytic absorption of light in the visible region. Chromium is commonly used as a 
dopant to enhance the photo-catalytic activity of Ti02. [16] Similarly, alumina-chromia 
mixed oxides have been used for decades as catalystsY71 These catalysts can be produced 
4 
by supported co-precipitation of Cr and A I  ml ed hydroxyl compounds, followed by 
calcinations. [17J 
1 .2 Prepa rative methods of chromium oxide-based catalysts 
great deal of effort has been invested in developing different synthesis strategies that 
facilitate reliable control of the texture and structural parameters of ultra-fine oxides. 
Nano-particles of Cr203 (eskolaite) have been prepared by several methods including 
decomposition of chromium ( I II) nitrate solution, [5] sol-gel,P8] gas condensation,(I9] 
mlcrowa e plasma and sonochemical reaction [20] , laser induced pyrolysis, 
mechanochemical processing, and urea assisted homogeneous precipitation. [4] But since 
either these processes are complex or their reaction apparatus are expensive, they are not 
being commercialized, and thus more cost-effective synthetic methods are needed. One 
of the most popular synthetic routes to prepare chromium oxide is precipitation-gelation 
from an aqueous Cr ( Ill) salt solution. This route gives a surface area in the range of tens 
to hundreds of square meters per gram and a structure that varies from orthorhombic 
Cr( O H)3 through amorphous to hexagonal a-Cr203. [
2IJ Although the precipitation-
gelation method has been widely known, very little effort has been made to study the 
various aspects of the properties of the resulting powders. [4] Another efficient method for 
providing reasonably large surface areas is homogeneous precipitation, i. e. ,  slow 
alkalinization of an aqueous CrCN03)3 solution by hydrolysis of dissolved ureayl] 
Although the precipitation of chromia aerogels has been accomplished, there are 
relatively few reports in the literature describing it. [9] 
5 
The sol-gel method pro ides a highly useful means of preparing inorganic oxides. It is a 
wet chemical melhod and a multi-step process involving both chemical and physical 
processes including hydrolysis, polymerization, drying, and densification. The name "sol-
gel" is gi en to the process because of the distinctive viscosity increase that occurs at a 
particular point in the equence of steps. A sudden increase in viscosity is the common 
feature in sol-gel proce ing, indicating the onset of gel formation. In the sol-gel process, 
synthesis of inorganic oxides is achieved from inorganic or organometallic precursors. 
The important features of the sol-gel technique compared to other methods are better 
homogeneity, high purity, lower processing temperature, more uniform phase distribution 
in multi-component systems, better size and morphological control, the possibility of 
preparing new crystalline and non-crystalline materials and easy preparation of thin films 
d 
. (22) an coattngs. 
The sol-gel method is based on the use of metal alkoxide precursors to form a sol of 
nano-structured metal oxide particles with nano-scale dimensions. This synthetic route 
has proven to be an efficient and success ful approach to the production of many different 
materials. However, some metal alkoxides are expensive and others are sensitive to 
moisture, heat, and light which make long storage difficult. In the absence of the 
alkoxides, researchers have used more traditional approach for the successful sol-gel 
preparation of transition metal oxides. This approach typically involve aqueous 
precipitation of the metal ion with base, extensive washing and solvent exchange of the 
products followed by atmospheric or supercritical drying. (9) Catalysts prepared by the 
sol-gel method have been found to resist deactivation by sintering and coke formation. (23) 
6 
erogel are derived from wet gels and their production involves three basic steps: (a) gel 
formation, (b) drying (c) heat treatment-calcination. Conditions of each step influence 
the structure and morphology of the final product. Of these three steps drying is the most 
important. [n the aerogel processing, the solvent must be removed under conditions that 
eliminate the strong surface tension forces in the pores of the material, developing under 
normal atmospheric drying conditions and causing the collapse of the original structure. 
Therefore, supercritical drying is usually employed. Water as a solvent is not suitable for 
supercritical drying due to the high temperature and pressure of its critical point, which 
leads to the solubilization and peptization of the original gel. Therefore, other suitable 
solvent such as alcohol should be used, and organometll ic precursors (generally 
expensive) which are soluble in organic solvents must be employed. Besides the high cost 
of the starting materials, organic solvents in these processes represent serious safety 
problems due to the high pressures and temperatures (>570 K) involved. In addition to 
that these temperatures are, in some cases, too high to preserve the homogeneity of the 
gel. To overcome this problem, carbon dioxide was employed as supercritical fluid for 
solvent extraction due to its low temperature and pressure, but still requires the use of an 
autoclave. [24] Various chromium compounds, like chromium acetate and acetylacetonate 
have been also used as precursors to prepare pure chromia aerogels. Although chromia 
based catalysts are used in numerous important industrial processes, the use of pure 
chromia aerogels for such purposes is hindered due to the poor stability of the aerogel 
structure under oxidizing environments.[
2 5] Due to the disadvantages discussed above for 
aerogel pure chromium oxide catalysts, the current study focuses on precipitation 
methods to prepare pure chromia and xerogel processing to prepare mixed oxides 
7 
containing chromium oxide. The xerogel processing employs conventional drying 
method in tead of upercritical drying. 
1 .3 Conversion of metha nol to clean a lternative fuel  and valuable chemicals 
Methanol, \ hich can be produced from natural gas, is a very important reagent in fuel 
and industrial chemistry. Methanol can be converted to dimethyl ether (OME) which is 
being considered as a clean fuel alternative and an intermediate for making many value­
added chemicals, such as lower olefins and methyl acetateY6] Methanol can also be 
converted to light olefins through a process called methanol to olefin (MT O) conversion, 
which has an economic advantage over the conventional processes of naphtha cracking 
and other technologies of natural gas utilization. MTO process provides route for the 
production of ethylene and propylene in the chemical industry. [27] The partial oxidation of 
methanol to formaldehyde and methyl formate is of another industrially important 
process. For example methyl formate (M F) is a valuable product used in the synthesis of 
various organic compounds such as formic acid and formamideY8] Methanol can also be 
converted to hydrogen with better efficiency than any other hydrocarbonY9] The 
endothermic decomposition of methanol to C O  and H2 can provide a fuel that is cleaner 
and more efficient than gasoline and undecomposed methanol fuel. [IO] All of the 
previously mentioned processes are entirely catalystic. 
8 
1 .4 Dimethyl ether as a n  a lternative fuel 
Secau e of the increasing concerns over the environment and depleting petroleum 
reserves alternative fuels, alternative resources, and alternative energy conservation 
technologies are attracting the attention of researchers worldwide. Therefore, a number of 
alternative fuels have been studied for portable applications. Among the new fuel 
alternatives that have attracted a considerable attention are dimethyl ether (DME), formic 
acid, and alcoholsYO] Most of these alternative fuels can be easily transported and fed to 
many energy systems with high efficiency and low pollutant emissionsY6J 
Dimethyl ether (DME) is a volatile organic compound. It is the simplest ether compound 
with a chemical formula of C H30C HJ, and is non-toxic, colorless and is stable in liquid 
and gaseous phases, with low boiling point (-2 5.1 °C) under atmospheric pressure. [3l] It is 
relatively inert, non-corrosive, non-carcinogenic, non-teratogenic, and non-mutagenic, 
thus showing promise for reducing pollutants and providing cleaner air. (32)3] DME bums 
with a visible blue flame and is non-peroxide forming in the pure state or in aerosol 
formulations. In addition, dimethyl ether does not require an odorant because it has sweet 
ether like odor. [32] Today, it has been widely used in aerosol sprays for painting, 
cosmetics and agriculture, substituting chlorine and fluorine based compounds, which are 
harm ful to the environment. DME is not harmful to the ozone layer because it 
decomposes in several hours in the troposphere. [34,26J 
During the 1 9th century, petroleum was the fuel that supplied much of the energy needs of 
our society and the industrial revolution. [t is estimated that the world has peaked in 
petroleum production, and world petroleum consumption has outpaced new found 
9 
reser e . A century later generations are faced with reverse engineering, a society based 
on petroleum to a new society based on an alternative fuel that will maintain economic 
and en iron mental ecurity for future generationsY2j Also, environmental demands for 
even cleaner fuels, which require them to be sulfur free, to contain a minimum amounts 
of aromatics and to generate a minimum of (NOx), soot and non-reacting hydrocarbons 
are modifying the traditional objectives of the refining industry in a drastic manner. [34] 
For these reasons, methanol, ethanol, fischer-Tropsch fuels, biodiesel, biogasoline, and 
dimethyl ether are being investigated as alternative fuelsy2J 
The most promIsIng alternative fuel will be the one that has the greatest impact on 
society. The major impact areas include well-to-wheel greenhouse gas emissions, non­
petroleum feed stocks, well-to-wheel efficiencies, fuel versatility, availability, 
economics, and safety. Compared to some of the other leading alternative fuel candidates, 
dimethyl ether appears to have the largest potential impact on society, and should be 
considered as the fuel of choice for eliminating the dependency on petroleum. [32J The fact 
that DME is obtained from natural gas should also be highlighted, because it allows 
production-costs to be independent of the swings in the price of oil, as well as the wide 
availability of the raw material. All of these facts together make DME known currently as 
the Fuel of the 2 1 st centuryY4J Table 1.1 shows a comparison of the main properties of 
DME and other conventional and alternative fuels. Many DME properties are very 
similar to those of propane and butane and their commercial mixture liquefied petroleum 
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Table 1 . 1  Physical and chemical characteristics of DME and other fuels 
Methane Propane Butane Methanol DME Diesel fuel Ethanol Gasoline 
Chemical formula CH4 C3Hg C4H,o CH)OH CH3OCH) N .A . C2HsOH N .A . 
Molar weight (kg/kInol) 1 6.07 44. 1 1 58 . 1 3  32.05 46.07 N .A . 46.07 N. A. 
Boiling point, latm eC) - 1 6l.5 -42 . 1 -0.5  64.6 -25 . 1 1 80-3 70 78 .4 20-200 
Vapor pressure, 20°C (bar) 243 8 .4 3 . 1  0. 1 3  5 . 1  N. A. 0.079 0.4-0.6 
Liquid density, 20°C (kg/m3) N.A. 500 6 1 0  790 670 840 0 .789 0.7-0.8 
Lower heating value (LHV), (MJ/kg) 50.2 46.4 45 .7  1 9 .9 28 .4 42.2 27 43 .4 
Ignition temperature, CC) 650 470 365 450 235 250 425 250 
I 
Cetane number 0 5 20 5 55-60 40-55 - 5-20 
Explosion limits in air, (vol%) 5- 1 5  2. 1 -9.4 1 .9-8.4 5 . 5-36 3 .4- 1 7 0.6-6.5 3 . 3- 1 9 l .3-7. 1 
1 1  
gases ( LPG). In particular the DME boiling point and vapor pressure are very close to 
those of LPG. The lower heating value ( L H V) of DME is lower than those of most 
commercial fuels, but it is higher than that of methanol. [26] Additionally, it is known that 
DME is a useful building block for producing important chemicalsYS] It is also used as an 
intermediate for making many value-added chemicals such as lower olefins, methyl 
acetate and dimethyl sulphate. [36] 
1 .5 Advantages and appl ications of d imethyl ether 
1 .5. 1 Easy d istribution 
The infrastructure needed to supply an alternative fuel to the end user may include ocean 
transport, land transport and refueling stations. Depending on the alternative fuel, existing 
infrastructures may be modified or used as is. For example, the gasoline/diesel 
infrastructure can be used for ethanol. Dimethyl ether, having properties similar to 
liquefied petroleum gas ( LPG) fuels and be transferred through the existing land based 
and ocean based LPG infrastructures. Ocean transport of dimethyl ether can be done by 
conventional LPG tankers. Dimethyl ether can be offloaded and stored at a receiving 
station using the same methods and equipment as those used for LPG with minor 
modifications. Similar modifications would be required for the land based infrastructure. 
Since there are numerous refilling stations for LPG, a transitioning to dimethyl ether 
could be less costly than building a completely new infrastructureY2] 
Although the physical properties of dimethyl ether are similar to LPG, instruments and 
specification for its application, transportation and storage should be modified and 
adjusted when it is used as LPG alternative for household cooking and heating. The 
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efficient con erslOn of DME into LPG will promote the commercial application of 
DME. [37] Hence, there will be a growing demand to produce a large amount of DME in 
the near future to meet the global needs. [36] Recently, disclosed technical economic 
evaluation work indicates that DME production costs are competitive with those for LPG 
in the international market. [34] 
1 .5.2 E nv iron menta l  issues 
DME does not emit particles or ulfur oxides upon burning, making it one of the best 
environmental friendly fuels p4] DME used in diesel engines provides fast fuel/air mixing 
formation reduces ignition delay and excellent cold start properties and allows to reduce 
SOx. Ox and particulate emission, as well as engine noise, with equivalent thermal 
efficiency.[2 6] Furthermore DME has an atmospheric lifetime of only a few days. [38] 
1 .5.3 Natura l gas substitution 
DME could also be a natural gas substitute for distributed power generation, especially 
for small scale power plants which can't be reached by natural gas supply n etwork. [26] 
Like natural gas, the storage and transportation of DME is comparatively easy, due to the 
similarities in their physical propertiesY3] DME manufactured from coal synthesis gas 
could allow reducing the dependence on oil and natural gas. [26] 
1 .5.4 Fuel for diesel engines 
DME has a very high cetane index (60 )  and bums conveniently in the diesel process Y8] 
Future emission standards require diesel engines to operate at different combustion 
regimes such as homogeneous charge compression ignition (Heel) conditions. Heel 
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engines have the potential of reducing N O" and soot simultaneously due to the 
combustion of a lean and homogeneous mixture. There are challenges associated with the 
uccessful operation of HCCl engines, particularly with combustion phasing controls, 
limited load ranges and incomplete oxidation of carbon monoxides and unburned 
hydrocarbons. Conventional diesel fuel is not suitable for HCCl operations due to low 
volatility if a direct injection is used, and high propensity to autoignition if a premixed 
charge i introduced into the cylinder. Experiments were performed to investigate HeCl 
operations using different types of fuels. DME can be added to natural gas to ensure the 
successful operation of HCCI since natural gas has a high resistance to autoignitionY9] 
1 .5.5 Fuel cells 
At present, steam reforming of methanol and gasoline are being studied by automobile 
makers as a hydrogen source for fuel cells. These raw materials have infrastructure and 
toxicity problems that make their reforming economically unattractive. Methanol steam 
reforming is easy to perform at around 250-300 0c. However, there is a problem in that 
the infrastructure of methanol is not well developed and the toxicity of methanol is high. 
The infrastructure for gasoline is well established, but gasoline steam reforming is 
difficult even at high temperatures around 800 °C. Gasoline also contains sulfur, that 
results in catalyst poisoningP3] 
Dimethyl ether ( DME) is one of the alternatives that have been investigated for use in 
direct fuel cells. It is less toxic than methanol, and can be economically produced from a 
variety of hydrocarbon materials. [40] DME has high hydrogen to carbon ratio and high 
energy density.l41] It can be stored in the high density liquid phase at modest pressures of 
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around 5 atm and delivered a a ga phase fuel in a pumpless operation. [4oj For a fuel cell 
u ing DM fuel, it is e pected that energy los due to fuel crossover can be greatly 
reduced ince the molecular \ eight of DME is larger and its olubility in water i much 
lov"er than tho e of methanol. (JOj The permeability of DME through a polymer electrolyte 
membrane wa about one-tenth as that of methanol. ince DME i not or Ie s oxidized at 
the cathode than methanol, the energy loss at the cathode might be low even though it 
eros e 0 er the cathode. direct DME fuel cell ( D DME F C) was demonstrated to yield a 
comparable Po\ er densit and higher total efficiency than direct methanol fuel cell 
( DM F C) at 1 30 0c. [40] Therefore, the use of DME can combine the advantage of the easy 
fuel deliver) of pressurized hydrogen, with the high energy density storage of liquid fuel. 
1 .6 Methods of d i methy l ether prepa ration 
Dimethyl ether can be made from any carbonaceous material including coals or 
biomass.[39j It can be produced in t\ 0 distinct ways: the first called the indirect route 
which involves production of methanol, then promoting its dehydration. The second, 
known as the direct route, produces DME in a single stage from synthesis gas (CO + H2), 
using bi-functional catalysts Y4j 
Currently, dimethyl ether is produced commercially from a two-step process. The first 
step is methanol synthesis from syngas; the second step is the dehydration of methanol to 
dimethyl ether over solid acid catalysts. [ 42] Copper based catalysts and zeolites are 
employed for the methanol synthesis and dehydration to DMEY Sj 
The direct synthesis from syngas via a so called ST D (syngas to DME) involves a single 
step with employing a hybrid catalyst comprising a methanol synthesis component and a 
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olid acidY2,43.44j Typically, the hy brid catalysts used in the process are composed of a 
methanol synthesis catalyst (CulZn, Zn/A I, ZnlCr, Cu/Znl A I, Cu/ZnlCr, CulZn/Co, etc. )  
and a methanol dehydration catalyst (such as y-alumina or zeolites), which are made by 
mechanical mi ing. Therefore, the active components in these hy brid catalysts are 
usually not finely dispersed. Moreover, one component is prone to cover the other one. It 
has been reported that the catalytic performance for STO process can be improved 
through enhancing the dispersion of the two active componentsYSj It is supposed that the 
DME can be produced from synthesis gas by three reaction steps:[32,43,44j 
Methanol synthesis: 
f':..F rxn = -90.3  kJ morl Eq. ( 1.1) 
Methanol dehydration: 
f':..HO rxn = 2 3A kJ morl Eq. ( 1.2 ) 
Water-gas shift: 
6.H0 rxn= 40.9 kJ morl Eq. ( 1 .3 )  
Net reaction: 
Eq. (I A) 
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Although synthesis from methanol i simpler, direct synthesis is more interesting as far as 
catalysi is concerned, and it may also become more economically attractive.[34] Several 
solid acid catalysts have been studied for the dehydration of crude methanol to dimethyl 
ether. These catal sts include alumina, silica-alumina and zeolites.[43j H-Z SM-5 has been 
reported to be an effective methanol dehydration catalyst, but on which hydrocarbon 
byproducts are generated thu leading to a decrease in the activity. This is due to the 
strong acidity of the H-Z SM-5, which catalyzes the conversion of methanol to 
hydrocarbons and even coke. Although the DME selectivity is high for methanol 
dehydration on y-Ah03 it exhibits much lower activity than H-Z SM-5.[
44j The vapor 
phase dehydration of methanol, as shown in Eq. ( 1.2 ), involves a large amount of water 
as a by product. 
During the reaction, both methanol and water compete with each other for the same sites 
on the dehydration catalyst, such as Ah03. Since the surface of AhO) has the tendency to 
adsorb water more strongly on the Lewis acid sites, water gets more preferentially 
adsorbed than the methanol in the reaction. This negative effect of water on AhO) 
decreases the catalytic activity of C H30 H  and selectivity for DME as well. [36j It is evident 
that methanol is the main intermediary in direct synthesis and that the water displacement 
reaction is a strong competitor to the principal reaction. Besides being bi-functional, 
having methanol synthesis characteristic metallic sites and suf ficient acidity for the 
dehydration reaction, the catalysts must also be capable of promoting the C02 formation 
reaction. This capability becomes ever more signi ficant as water is being generated by the 
dehydration stage. 134j 
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1 .7 Object ives of the current  study 
1. The fir t goal of thi study i to develop cost effective methods to prepare nano-
tructured chromium ( I I I) 0 ide-based catalysts that can serve as efficient catalysts 
for the conversion of methanol to DME. Several preparative parameters and 
conditions were investigated in an effort to optimize efficient and low cost synthetic 
protocol. A correlation between the preparative procedures and the microstructure 
characteristics of the prepared catalysts were also established. 
2 .  The second objective of this project is to study the catalytic reactivity of the prepared 
materials toward the conversion of methanol to environmentally valuable chemicals 
including dimethyl ether ( DME). Correlations between the observed characteristics 
and the corresponding catalytic activity were probed. This was achieved by 
investigating the catalytic activity of the prepared materials and comparing them with 
other commercial catalysts. 
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CHAPTER II 
Preparation and C haracterization of Cataly ts Based on Chromium Oxide and 
other Metal Oxides 
2. 1 Introduction 
According to several l i terature reports, chromium oxide based catalysts have been 
prepared by ariety of methods. These methods include, precipitation gelation gas 
condensation, sonochemical reaction, microwave plasma, decomposition of chromium 
nitrate solution and laser induced deposition. [45J Precipitation methods are used to 
prepare fine partic les of sol id materials from soluble precursor solutions. Precipitation 
can be induced by the addition of cationic solution to the precipitant. The sol gel 
process involves the formation of an inorganic matrix through the formation of a 
col loidal suspension, sol, and the gelation of the sol to form a wet gel, which, after 
drying forms xerogel or aerogel .  This method is suitable for the synthesis of ultra-fine 
oxide materials at relatively low temperature. [ l 8 J I n  the current study sol-gel and 
forced precipitation methods were employed to prepare pure chromium oxide and 
chromium oxide-based catalysts. The effect of chromium on the composition and 
textural properties was i nvestigated. Finally, the catalytic activity of this catalyst was 
studied as discussed i n  chapter 3 .  
2.2 Experimental 
2.2. 1 Materials 
Chromium( I I I )  nitrate nonahydrate, Cr(N03)3.9H20 (99%), 2-propanol (99%), 
t i tan i um(IV) n-butoxide, Ti(OBu)4 (97%), aluminum sec-butoxide, Al(OBu)3 (95%), 
i ron(HI )  nitrate nonahydrate, Fe(N03)3 .9H20 (98%), methanol, ethanol, i -butanol, 
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ammonium hydroxide, propylene oxide and nitric acid were purchased from Aldrich 
and used as received. Disti l led deionized water was used in all reactions. 
2.2.2 Free precipitation in aqueous versus alcohol solvents 
Free precipitation of chrornium( I I I )  hydroxide/oxide at room temperature was studied 
in various solvents. In this study, 0 .2 g of Cr(N03)J.9H20 was dissoLved in equaL 
amounts of different soLvents including water, methanol, ethanol, I -butanol and 2-
propanol . Color changes and precipitate formation were monitored for 2 days. 
2.2.3 Forced precipitation in aqueous versus alcoholic solvents using NH40H 
Precipitation of chrornium(I I I )  hydroxide/oxide was achieved by the addition of 
N1-LtOH, as a precipitating agent, to the chromium nitrate solution in various solvents 
i nc luding water, I -butanol and 2-propanonal . I n  a typical experiment, 4.0 g (0.0 1 mol )  
of Cr(N03)3 .9H20 was dissolved completely in  enough amount of solvent ( 1 0 mL of 
water, 45 mL of I -butanol and 35  mL of 2-propanol) .  While stirring, NHtOH was 
added drop-wise until a pH of 1 0  was reached. The green color of the solution 
changed to darker green with t ime. The solution was then stirred for 1 2  hours 
resulting in dark green fine precipitate . The solvent was removed by evaporation 
using a water bath at 75 °C and the green powder obtained was then dried in an oven 
at 1 20 °C for 2 hours. The dry product was then calcined at 350 °c for 2 hours and 
400 °C for 4 more hours giving a very dark green powder. 
2 .2 .4 Epoxide assisted preparation of pure Cr203 
The addition of propylene oxide was attempted to initiate gelation of chromium 
hydroxide. In a typical experiment, 3 .0 g of Cr(N03)3.9H20 was dissolved in 1 5  mL 
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of 2-propanol and hi le stirring 5 .0 mL of propylene oxide was added. Stirring for 
three hours resulted in a dark green gel .  The solvent was then removed by evaporation 
at 75 °C using a water bath. The obtained dark green solid was dried in an oven at 1 20 
°C before calcinations at 320 DC and 400 DC for 2 and 3 hours, respectively. 
2 .2.5 Preparation of Cr-Fe mixed oxides, Cr-Fe-Oxide 
C hromium-iron mixed oxides were prepared by co-precipitation method starting with 
metal nitrate solutions of both metals. Samples with different CriFe ratios were 
prepared by varying the amounts of the start ing solutions. I n  a typical experiment 
involving equal molar anlounts of Cr and Fe ions, 2.97 g ( 7 .43 x 1 0-
3 
mol) of 
Cr(N03)3 .9H20 and 3 .0  g of Fe(N03)3 .9H20 were dissolved separately in 75 mL of 2-
propanol .  Whi le stirring, both solutions were mixed resulting in  a red solution which 
was stirred for one hour. 6.0 mL of propylene oxide was then added and the solution 
was stirred for one more hour where a reddish brown gel was formed. After 24 hours, 
the solvent was removed by evaporation at 75 DC in a water bath. The brown sol id 
was then dried in an oven at 1 20 DC for 3 hours before calcinations at 350 DC and 400 
°c for 4 hours where a black powder was obtained. The products wi l l  be referred to as 
Cr-Fe-x where x represents the %Fe content [Fe/(Fe+Cr)] x 1 00%. 
2 .2 .6 Preparation of Cr-Ti mixed oxides, Cr-Ti-Oxide 
Chromium-titanium mixed oxides were prepared via sol-gel method in  different CrlTi 
ratios. I n  a typical experiment involving equal molar amounts of Cr and Ti ions, 6.0 
mL (0.0 1 76 mol) of Ti(OBu)4 were dissolved in  40 mL 2-propanol and, whi le stirring, 
HN03 was added dropwise unti l a pH around 3 was obtained. A separate solution of 
7 .0  g (0 .0 1 76 mol) Cr(N03)3 .9H20 in 1 50 mL of 2-propanol was prepared. While 
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stirring, the chromium nitrate solution was added to the titanium butoxide solution 
and the mi ture was stirred for one hour. Besides the water content of the chromium 
nitrate precursor 1 .0 mL of water was added dropwise for hydrolysis to convert the 
alkox ide to hydroxide. fter stirring for 4 hours a green gel was obtained which was 
left standing in  air for 1 2  hours for complete gelation. The solvent was then removed 
by evaporation at 75 °C using a water bath. The green solid product was dried in an 
o en at 1 20 °C for 2 hours then calcined at 350 °c and at 400 °C for 3 and 5 hours 
respecti e ly resulting in a brown solid . The products wi l l  be referred to as Cr-Ti-x 
where x represents the % Ti content [Ti/(Ti+Cr) ]  x 1 00%. 
2 .2.7 Preparation of Cr-Al mixed oxides, Cr-AI-Oxide 
Chromium-aluminum mixed oxides were prepared via sol-gel method with different 
C r/ AI ratios. In a typical experiment i nvolving equal molar amounts of Cr and AI,  6.0 
mL (2.36 X 1 0-
2 
mol) of AI(OBu)3 was dissolved in  40 mL of 2-propanol and, whi le 
stirring, HN03 was added unt i l  a pH value around 3 was obtained. While stirring, a 
solution of 9.4 g (2 .36 X 1 0-
2 
mol) of Cr(N03)3 .9H20 in 1 75 mL of 2-propanol was 
added. Hydrolysis of the alkoxide was then achieved by adding water ( 1 .5 mL) 
dropwise with continuous stirring. The mixture was stirred for 4 more hours where a 
gel was obtained i n  the cases where [AlI(AI+Cr)] was 0.95, 0.90, and 0.75. After 1 2  
hours the solvent was removed from the gel by evaporation at 75 °C in  a water bath. 
The green solid obtained was dried in an oven at 1 20 °C for 2 hours and then calcined 
at 350°C and 400 °c for 3 and 4 hours respectively resulting in a brown powder. The 
products wi l l  be referred to as Cr-AI-x where x represents the %Al content 
[Al/(AI+Cr)] x 1 00%. 
23 
I n  the experiments where [Al/(AI+Cr) ] was S 0.50, no gel was formed and instead a 
highly viscous l iquid was obtained upon the solvent removal at 75 °C .  In  these cases 
the products were not investigated further. 
2.2.8 Preparation of pure high-surface area A hO] 
High- urface-area aluminum oxide, Ab03, was prepared via sol-gel method usmg 
aluminum sec-butoxide, AI(OBu)3, as the precursor. In a typical experiment, 5 .0  g 
(0 .02 mol) of Al(OBu)3 was dissolved in 1 00 mL of 2-propanol .  After sti rring for 1 5  
minutes, 1 .3 mL H20 was added drop wise with vigorous sti rring. Upon the addition 
of water. a turbid gel formed which was stirred for 4 more hours and then left 
standing for 24 hours for complete gelation. The solvent was removed from the gel by 
evaporation at 75 °C in a water bath. The white powder obtained was then dried in an 
oven at 1 20 °C for 2 hours fol lowed by calcinations at 350 °C,  400 °c and 500 °C for 
2 , 4 and 4 hours respectively resulting in  a fluffy white powder of alumina. 
2 .2.9 Characterization of the prepared materials 
The catalysts were characterized by powder X-ray diffraction (XRD), transmission 
electron microscopy (TEM), FTI R  spectroscopy, and N2 adsorption. Powder X-ray 
d iffraction (XRD) analyses were obtained using a Phi l ips PWI 1 840 d iffractometer 
with Cu-Ka radiation, A = l . 542 A. TEM micrographs were obtained using a C M I O  
Phi l ips electron microscope. Nicolet Nexus 470 spectrophotometer was used for FTI R  
characterization. B ET surface area and porosity measurements were obtained using 
n itrogen gas adsorption at 77 K employing a Quantochrome NOVA 1 000 volumetric 
gas sorption instrument. 
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2.3 Re ult and Discu ion 
2.3. 1 Free precipitation in aqueou versus alcohol solvents 
This study was conducted to see i f  any of the solvents can result in slow precipitation 
of chromium hydroxide without the need for the addition of any base to induce the 
precipitation. The chromium( I I I )  nitrate in water gave a stable blue clear solution 
showing no color change or any precipitate over a period of 2 days. The stabi l ity of 
the aqueous solution indicated that only low-molecular-weight soluble intermediates 
were formed via deprotonation of coordinated water molecules, as indicated by the 
pH of the solution, which dropped from 5 .4 to 3 . 2  upon the addition of the chromi urn 
nitrate. 
I n  the alcoholic solvents, the rate of the deprotonation and condensation was 
dependent on the type of alcohol but in  all of them it was only sl ightly higher than 
that i n  water as indicated by turning from c lear to opaque. This change was not, 
general ly, s ignificant but was more evident in I -butanol than other alcohols in the 
study. This study indicates that free precipitation as a result of hydrolysis or 
alcoholysis via deprotonation of coordinated solvent molecules, does not take place at 
room temperature i n  water or i n  any of the alcohols studied. 
2.3.2 Preparation and characterization of pure Cr203 by forced precipitation 
Forced precipitation refers to the precipitation of metal ions by thermal treatment or 
adding a base to their solution. The forced precipitation using N�OH, in different 
solutions of Cr(N03)3 .9H20 has led to chromium( I I I ) hydroxide which was converted 
to chromium(I I I )  oxide, Cr203, by calcination at temperatures �400 DC. The addition 
of �OH results in deprotonation and condensation of the soluble intermediates that 
result from hydrolysis or alcoholysis of the Cr
3+ ions. The preparation was studied in 
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water and different alcohols  which showed slight variations in  the characteristics of 
the final product as discussed below. 
2 .3.2. 1 FTI R  characterization of pure Cr20J 
The FTIR  spectra of chromium oxide products prepared in 2-propanol and I -butanol 
after calcinations at 500 °C are shown in Figure 2. 1 .  They showed characteristic 
bands centered at 3448, 1 634, 65 1 ,  and 574 cm" l . The broad band between 3300 and 
3 700 cm" 1 and 1 634 cm" 1 represent OH groups which can be referred to adsorbed 
water and OH groups on the surface. The bands centered at 65 1 and 574 cm" l are due 
to the stretching frequency of Cr-O bonds which agree with known IR absorptions for 
conunercial Cr203 . [46] 
2 .3.2.2 XRD characterization of pure CrzOJ 
The XRD pattern of the prepared chromium oxide in 2-propanol after calcination at 
500 °c is shown in  Figure 2 .2 .  The XRD analysis confmns the formation of the 
desired product Cr203 as the pattern matches the typical pattern of Cr203, Joint 
Committee on Power Diffraction Standards (JCPDS) file No. 38- 1 479. The peaks are 
relatively broad as compared with patterns of very crystal l ine solids indicat ing 
relatively smal l particle sizes. The crystal l i ne size calculated using Bragg's equation 
Eq. (2 . 1 ), based on XRD peak broadening, was 29 nm, for sample calcined at 500 °C.  
nA = 2d . sinS Eq. (2 . 1 )  
where n is an integer determined by the order given; A is the wavelength of x-rays; d 
is  the spacing between the planes in  the atomic lattice; and 8 is the angle between the 
incident ray and the scattering planes. 
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Figure 2 . 1 FTIR spectra of Cr203 product in  2-propanol and I -butanol .  
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Figure 2 .2  The XRD pattern of Cr203 prepared in  2-propanol after calcination at 500 
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2.3.2.3 Nz ad orption tudy of pure CrZ03 
The final chromium oxide products showed surface areas in the range between 29 and 
47 m
2
/g. The dependence of the urface area on the solvent was not signi ficant but 
the alcoholic sol ent , generally, re ulted in higher spec ific surface areas compared 
with water as shown in Table 2. 1 .  The product obtained in 2-propanol exhibited the 
highest surface area compared with all other solvents and, therefore was selected for 
other preparations in the rest of the study. 
The measured surface areas are comparable with results reported i n  the l iterature for 
nano-structured Cr203 . [
2 1 ] Full N2 adsorption-desorption isotherms were recorded for 
samples of Cr203 after calci nations at 400 and 500 °C. The adsorption-desorption 
isotherms, Figures 2 .3 and 2 .4, seem to lie between typical i sotherms of type I I I  and 
IV ( IUP AC classification of isotherms) i ndicating a mesoporous material with a 
sign ificant amount of macropores (>50nm). The deviation from the standard 
monolayer-multi layer isotherm (type- I I )  does not take place until at very high relative 
pressure (�0.9) which is referred to the presence of macropores. The hysteresis loop, 
which is usually associated with fi l l i ng and emptying mesopores, in the isotherm of 
the sample calcined at 400 °C indicates some capi l lary condensation, and hence the 
presence of mesopores as wel l .  On the other hand, the absence of such loop in the 
isotherm of the sample calcined at 500 °C indicates the dominance of macropores 
with small amount of mesoproes. The pore size distribution, based on the adsorption 
branch of the isotherm showed an inhomogeneous d istribution and the dominance of 
macroporosi ty. The pore size d istribution of the sample calc ined at 500 °C is shown in 
Figure 2 .5 .  
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Table 2.2 show selected textural properties of the samples at both calcination 
temp ratures. Elevating the calcinations temperature from 400 °C to 500 °C was 
a sociated with some decrease in the specific surface area and an i ncrease in  the total 
pore olume and a erage pore diameter. This  may be explained by the el imination of 
the internal smal l pores. which is often referred to as smoothing, without signi ficant 
changes to the external topography of the primary particles. Besides smoothing, 
higher temperatures resulted in adhesion by developing points of contact between the 
discrete particles forming aggregates, instead of loose powder. This process resulted 
in some surface transport which corresponds to the decrease in the surface area. The 
i ncrease i n  the total pore volume at 500 °C can be explained by the sintering of the 
small partic les associated with the loss of smal l pores and the creation of relatively 
larger pores between the secondary particles. In this stage, more pores lose their 
connection to the exterior. 
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Table 2 . l The specific surface (m
2
/g) of Cr203 prepared by forced precipitation. 
Solvent Water Ethanol 1 -butanol 2-propanol 
urface area (m2/g) 29 34 36 47 
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2.3.3 Propylene oxide-a i ted o l-gel preparat ion 
The addit ion of propylene ox ide resulted in gel formation, where the time needed for 
gelation was dependent on the solvent. While gel formed within few minutes when 1 -
butanol wa used as the solvent it took more than three hours in the case of 2 -
propanol .  The xerogel processing of the obtained gel resulted in Cr20], but the surface 
areas were very close to the surface areas of the products obtained by the forced 
precipitation method as previously discussed. The samples prepared in I -butanol 
showed surface areas between 35 and 45 m
2
/g. On the other hand, the 2-propanol 
resulted, generally, in lower surface areas (around 20 m
2
/g). Whi le 2-propanol was 
s l ightly better than I -butanol in the forced precipitation method (previous section), 1 -
butanol resulted in  a product of higher surface area when propylene oxide was 
employed. S ince the results were not significantly different from what was obtained 
by forced precipitation, this preparative method was not invest igated further. 
2 .3.4 Cr-Fe m ixed oxides 
Chromium-iron mixed oxides with different Fe/Cr ratios were successfully obtained 
and characterized. The formula of the products wi l l  be referred to as Cr-Fe-x where x 
represents [Fe/(Fe+Cr)] x 1 00%. Samples with x values of 1 0, 50, and 90 were 
prepared. The composition and the textural properties of the products were dependent 
on the start ing Fe/Cr ratio and the calc ination temperatures. 
2 .3.4. 1 FTI R  characterizat ion of Cr-Fe-Oxide 
The FTIR  spectra of the Cr-Fe-x products with d ifferent Fe/Cr ratios are shown in 
Figure 2 .6 which also shows the spectra of pure commercial Fe20] and the prepared 
Cr20] for comparison. The spectrum of the sample with low Fe content, Cr-Fe- l O  
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displays bands centered at 7 1 5  and 604 cm- I that can be referred to Cr-O stretching 
based on comparison with the peaks displayed by the spectrum of pure Cr203. The 
peaks are shi fted to the left (higher frequency) as compared with pure Cr203. This 
shift can be referred to the presence of some iron ions in the matrix of Cr20J. On the 
other hand, the spectra of r-Fe-50 and Cr-Fe-90 are different from the corresponding 
spectra of pure Cr20J and Fe20J. They show a broad absorption band centered at 1 320 
em- I . The absorption in the region <550 cm- I and >800 cm- I indicates the formation of 
new metal-oxygen bonds which represent an evidence for the formation of a sol id 
solution. Although it i s  not wel l  understood, the absorption i n  the region 1 300- 1 400 
cm- I is a new feature that distinguishes the mixed oxide, Cr-Fe-50, from the 
corresponding pure oxides and can be consider as an additional evidence for the 
formation of the solid solution. 
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Figure 2 .6  FTI R spectra for the Cr203, Cr-Fe- l 0, Cr-Fe-50, Cr-Fe-90 and a-Fe203 . 
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2.3.4.2 X RD  a n d  TEM characteriza t ion of  Cr-Fe-Oxide 
XRD anal s i  was performed for Cr-Fe- l O  Cr-Fe-50, and Cr-Fe-90 calc ined at 500 
°c.  Analysis after calcinations at 600 °C was also done for Cr-Fe-50. The product 
with low Fe content, r-Fe- t o, showed the typical pattern of Cr203, Figu re 2 .7 (b) ,  
without any ign for the presence of free Fe203 . Although the XRD patterns of both 
oxides are very simi lar and the peaks are very c lose for both, they are easi ly 
distinguishabl . The peaks are sharp and strong indicating a very crysta l l ine Cr20J 
with relativel large crystals .  The crysta l l ine size of Cr-Fe- l 0  calculated using 
Bragg's equation, Eq. (2 . 1 ), based on XRD peak broadening was 39 nm, for sample 
calcined at 500 °C .  This observation also corresponds to the measured low surface 
area as wi l l  be discussed below. This higher crysta l l inity and lower surface area 
compared with other catalysts, espec ial ly Cr-Fe-90 and Cr203 is quite surprising. The 
TEM micrograph of Cr-Fe- l 0, Figure 2.8, confirms the formation of large crystals, 
0 . 1 5  �m. The absence of Fe203 and any other Fe-containing product indicates that the 
i ron ions are wel l  d ispersed in the Cr203 matrix .  Compared with the known pattern of 
pure C r20J no peak shifts are observed which can be referred to the smal l  amount of 
iron ions and signi ficant s imi larity between both metal ions radi i  (Cr
3+= 62 pm and 
Fe
3+= 65 pm for 6 coordination).  
On the other hand, the product with high Fe content, Cr-Fe-90, showed XRD pattern 
that represents U-Fe203, Figu re 2 .7  (e) .  The pattern c learly shows the absence of free 
Cr203 indicating a wel l-dispersion of the Cr
3+ ions in the i ron oxide lattice. The 
broadness of the peaks is noteworthy especial ly when compared with the sharp peaks 
of the Cr-Fe- I O  and commercial pure Fe203 . [
47 ] The broad peaks in the Cr-Fe-90 
indicate relatively smal l crystal l ite sizes which corresponds to i ts measured high 
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surface area (discu sed below). Although it is sti l l  not wel l  understood, it i s  worth 
mentioning that 1 0% Fe had no noticeable effect on hindering the crystal growth of 
Cr-Fe- I O  whi le 1 0% Cr affected the crystal growth of Cr-Fe-90 where smal ler 
crystal l ites were obtained as indicated by the relatively broad peaks in  its XRD 
pattern. The crystal l ine size calculated using Bragg's equation, based on XRD peak 
broadening, was 3 1  nm, for Cr-Fe-90 sample calcined at 500 °C.  The TEM 
micrograph of Cr-Fe-90, Figu re 9, supports the XRD results showing very 
homogeneous smal l  crystal l i tes with an average size 1 2  nm. 
I nterestingly, the XRD patterns of Cr-Fe-50 calcined at 500 °C and 600 °c, Figure 
2 .7  (c)  and (d) ,  do not correspond to pure Cr203 or pure Fe203. The new peaks l ie in  
between those of both oxides without any sign for the presence of either pure oxide. 
Table  2 .3 shows the most signi ficant peaks in the patterns of the product and those of 
the pure oxides. The absence of peaks for pure oxides i n  the product, and the new 
peaks c lear ly indicate the formation of sol id solution of C r-Fe oxide. To our 
knowledge, this is the first t ime such a binary oxide is reported. Another significant 
observation is the relatively broad peaks after calcinations at 600 °C.  At this relatively 
high temperature pure i ron oxide and chromium oxide usual ly give XRD patterns with 
very sharp peaks. The broad peaks of Cr-Fe-50 at 600 °C c lear ly indicate smaller 
c rystal l ite size, and hence higher specific surface area, as compared with the 
corresponding pure oxides. The crysta l l i ne size calculated using Bragg's equation, 
based on XRD peak broadening, was 47 nm, for Cr-Fe-50 sample calcined at 500 °C. 
I n  another words, mixing both ions in one oxide act as a textural promoter which 
usual ly  enhances catalytic activity. These results are supported by the measured 
spec ific  surface areas, as wi l l  be discussed next, and the TEM picture of Cr-Fe-50, 
40 
Figu re 1 0, which shows very small crystal l i tes (8 run) aggregating into larger porous 
aggregates. 
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Figure 2.7 The XRD patterns of Cr-Fe-x solids after calcination at 500 °C, unless 
othefW"ise mentioned : (a) Cr-Fe-O, (b) Cr-Fe- l O, ( c )  Cr-Fe-50, ( d) Cr-Fe-50 calcined 
at 600 °C. (e) Cr-Fe-90. 
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Figure 2 . 8  The TEM of Cr-Fe- l 0 calc ined at 500 °C. 
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Figure 2 .9 The TEM of Cr-Fe-90 calcined at 500 0 
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Table 2 .  Th po ition of  the most signi ficant peaks of Cr-Fe-50 compared with the 
peaks o[ th corresponding pure ox ides. 
Composition 2 8  angle 
Cr20 3 3 .6 55.0 36.3 
Fe203 3 3 .0 54. 1 35 .6 
Cr-Fe-50 33 .3 54.4 35 . 8  
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Figure 2 . 1 0  The TEM of Cr-Fe-50 calc ined at 500 °C .  
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2.3.4.3 N2 ad orption cha racterization of Cr-Fe-Oxide 
One of the interesting features that was found for the Cr-Fe mixed oxides is their high 
speci fic surface area as compared with their corresponding pure oxides. Table 2.4 
present the specific surface area of the various compositions versus the calcination 
temperature. At a given calcination temperature, the spec ific surface area increased as 
th i ron content increased up to 50%, Cr-Fe-50. I ncreasing the i ron content to 90% 
resulted in noticeable decrease in the specific surface area which can be referred to the 
formation of a-Fe20J, which showed the least thermal stabil ity against sintering. For 
all compositions, increas ing the calcinations temperature resulted in a decrease in the 
spec ific surface area which is a typical consequence of sintering and grain size 
growth. Interestingly, compared with the corresponding pure oxides, the mixed oxides 
showed significantly s lower decrease in their surface areas upon heating, which 
indicates higher thermal stabi l i ty and enhanced res istance to sintering. While pure a­
Fe20J suffered a loss of --60% of the specific surface area i t  possessed at 350 °C upon 
calcinat ions at 400 °c, the corresponding loss shown by Cr-Fe-50 was less than 1 0%. 
Full N2 adsorption-desorption isotherms were recorded for samples with different 
Fe/Cr ratios calcined at 500 DC and for Cr-Fe-50 at various calcination temperatures. 
The product with low iron content, Cr-Fe- I O, showed a reversible i sotherm, Figure 
2 . 1 1 ,  that to some degree, matches the typical type I I I  ( IUP AC classification) 
isotherm except that the adsorption increases strongly at relat ively high relative 
pressure around 0.9. This behavior usual ly indicates a macroporous material . [48] I t  
shows very l i tt le adsorption at low relative pressure and increase very s lowly 
indicating low surface areas which are supported by TEM picture that shows large 
crystals with i nsignificant porosity .  On the other hand the isotherm of Cr-Fe-90 
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calcined at the arne temperature Figu re 2. 1 2 , represents a typical type IV  isotherm 
with a w I I  defined hy teresis loop indicating capi l lary condensation which is a 
typical behaviour of mesoporous powders. Simi lar isotherm was obtained for Cr-Fe­
SO which wi l l  be discu ed below. 
The pore size di tribution based on the desorption branch of the isotherm of Cr-Fe- l 0 
is  shown in Figure 2 . 1 3 .  It shows an inhomogeneous pore size distribution with a 
ignificant amount of the pores in the macro porous range and an average pore 
diameter of 42.S run. On the other hand, the corresponding pore size distribution of 
Cr-Fe-90 Figu re 2. 1 4, i s  a relatively narrow distribution with an average pore 
diameter of 1 S .2 run. 
The product with equal amounts of chromium and i ron, Cr-Fe-SO, showed interesting 
characteristics especial ly when compared with the samples with low and high i ron 
contents. Therefore, Cr-Fe-SO was studied at  d ifferent temperature and it wi l l  be 
discussed separately  in more detai l s  next. After calcination at SOO °c, Cr-Fe-SO 
showed the typical behavior of a mesoporous powder with the highest total pore 
volume 0.37S cc/g, as compared with Cr-Fe- l O  and Cr-Fe-90 which showed total 
pore volumes of 0.07 1 cc/g and O.23S cc/g respectively, Table 2 .5 .  
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able 2 .4 The pec ific urface area of Cr-Fe-x ersus i ron content and calcination 
temperature. 
%Fe Calc inat ion temperature and BET pecific surface area (mL/g) 
350 °C 400 °C 500 °C 
0 T 47 27 
1 0  - 37  25 
-0 240 2 1 7  1 05 
90 1 8 1  1 52 62 
1 00 79 32  1 3  
1 00[a) 1 79 34 1 4  
[a] nano-scale  a-Fe203 obtained from MACH I  Co. 
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Figure 2. 1 2  N2 adsorption/desorption isotherm of Cr-Fe-90 calcined at 500 °C .  
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Figure 2. 1 3  Pore size distribution of Cr-Fe- l 0 calc ined at 500 °C. 
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Figure 2 . 1 4  Pore size distribution of Cr-Fe-90 calc ined at 500 °C .  
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Table 2 .5 Te tural propert ie of r-Fe-O ide with di fferent Fe/ r ratio calcined at 
500 0 
• 
%Fe SSA1aJ (ml/g) 
0 27 
1 0  25 
50 1 05 
90 6� 
1 00 1 3  
[a] pecific surface area. 
[b] Total pore volume. 
TPylbl (cc/g) 




0. 1 00 
[c] Average pore diameter (for pores < 1 00 run) .  
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APDlc J (run) 
1 8 .9 
42 .5 
1 4.2  
1 5 .2  
246.6 
For better c mpari on between the mi ed 0 ide and the corresponding pure oxide , 
ful l  2 ad orption-de orpti n i otherm is a l  0 record fi r pure Fe2 3 after calcination 
at 500 ° in Figure 2. 1 5, " hich sho\ a re er ible adsorption-desorption i otherm 
with ut ign ificant ad orption before reaching the aturation pressure. This behavior 
i an indication of weak ad orbate- urface interaction and table open surface of 
nonp rou material . [49] The pore ize distribution, Figure 2. 1 6, clearly show the 
ab ence f an micropores and me opore . Table 2.5 presents the textural properties 
of al l an1ple calcined at 500 °C. Comparing U-Fe203 with Cr-Fe-90, which has the 
XRD pattern f Fe2 3, hows the effect of Cr
3+ as textural promoters on U-Fe203. The 
pre ence of 1 0% Cr
3+ ignificant ly enhances the specific surface area and the total 
pore volume, Table 2.5, and resul ts in a relati ely homogeneous distribution of the 
pores, Figure 2. 1 4 . 
The pore size distribution plots along with the data i n  Table 2.5 show significant 
differences in  the porosity of the d ifferent compositions. Cr-Fe-90 is more porous 
than Cr-Fe- l O  with smal ler pores. On the other hand, Cr-Fe-50 is more porous than 
both compositions having mainly mesopores. The corresponding pure oxides also 
showed different behaviors. Whi le pure Fe203 is  nonporous, pure Cr203 is relative ly  
porous with a noticeable amount of mesopores. 
Due to the interest ing textural properties of Cr-Fe-50, its fu l l  N2 adsorption-desorption 
isotherms were recorded after calc ination at different temperatures. After calcination 
at 400 °C, Cr-Fe-50 showed a type IV isotherm, Figu re 2. 1 7, with a continuous 
strong i ncrease in amount of adsorption as the relative pressure increases. Whi le wel l  
defined hysteresis  loop refers to the fi l l ing and empting o f  mesopores, the non-
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horizontal plateau in the adsorption branch of the isotherm and the continuous 
increase of the amount of the adsorption with increasing the relative pressure indicates 
that the average pore ize is in the low-range meso pore size. This isotherm indicates a 
porou powder with mall mesopores. The pore size distribution, Fig u re 2. 1 8  based 
on the adsorption branch of the isotherm shows a relatively sharp distribution with an 
a erage por diameter of 3 . 37  nm which agrees with the explanation discussed above 
for the isotherm shape. 
When calcined at 500 DC, Cr-Fe-50 shows again a type IV isotherm that corresponds 
to a mesoporous material, Figure 2. 1 9 . It shows a capi l lary condensation behaviour 
and hysteresis loop that indicates the dominance of mesopores. The pore size 
distribution based on the adsorption branch of the isotherm Figure 2.20 shows a 
relatively narrow distribution with an average pore diameter of 1 4.2  nm and the 
absence of any macropores. 
After calcination at 600 DC, Cr-Fe-50 shows an adsorption-desorption isotherm that 
l ies between typical i sotherm of type I I I  and I V  which corresponds to the presence 
mesopores and macropores, Figure 2.2 1 .  The devation from the standard monolayer­
multi layer isotherm (type- I I )  takes place at higher relative pressure (---0.9) as 
compared with that at 500 DC . This is referred to the presence of macropores (> 50 
run). Meanwhi le, the hysteresis loop indicates some capi l lary condensation which 
i ndicates the presence of mesopores as wel l .  The loop does not close during 
desorption unt i l  very low pressure is achieved which usually reflects a relatively 
strong adsorbent-adsorbate interaction. The pore size distribution based on the 
adsorption branch of the isotherm, F igu re 2.22, shows the non-homogenous 
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di tribution of the pore . Whi le mo t f the pores are in the mesopores range, 
significant amount of macropor al o e  i t with an average pore diameter of 27.8 nm 
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Figure 2 . 1 5  2 adsorption/desorption isotherm of pure Fe203 calc ined at 500 °C.  
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Figure 2 . 1 7  N2  adsorption/desorption isotherm of  Cr-Fe-50 calcined at 400 °C.  
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Figure 2. 1 8  Pore size distribution o f  Cr-Fe-50 calc ined at 400 °C.  
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Figure 2 .2 1 N 2  adsorption/desorption isotherm o f  Cr-Fe-50 calcined at 600 °C.  
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Figure 2 .22 Pore size distribution of Cr-Fe-SO calci ned at 600 °C . 
65 
Table  2 .6 sho s selected textural properties of Cr-Fe-50 at d ifferent calcination 
temperatures. While the specific surface area suffered a considerable loss upon 
increasing the calcination temperature, the average pore diameter increased. When the 
calcination temperature wa increased from 400 °C to 500 °e, the total pore volume 
increased signi ficantly whi le it decreased back after calcinations at 600 °C. On the 
other hand, the decrease in the surface area was associated with a steady increase in  
the average pore diameter. 
The observed changes in the textural properties associated with increas ing the 
calcinations temperature is referred to sintering upon heating at elevated temperatures. 
The h igh surface area and small pores at 400 °C indicate the presence of small 
primary particles that aggregate closely forming small mesopores. Heat ing at 500 °e 
was associated with some decrease in the specific surface area and an increase in the 
total pore volume and average pore diameter. This is explained by the sintering into 
larger secondary particles. These particles are sti l l  very smal l ,  1 9  nm base on TEM, 
when aggregate result in  a signi ficant porosity. This process is  observed in  some 
surface transport which corresponds to the decrease in the surface area. This 
aggregation process developed larger mesopores, which explains the observed 
increase in the total pore volume. The decrease in the total pore volume at 600 °C can 
be explained by the possible shrinkage of the pores by enhanced fasten ing and 
bridging between particles resulting i n  crystal grain growth. During this stage, more 
pores lose their connection to the exterior resulting in  lower porosity and the pores 
between aggregating larger crystall ites are large in s ize. 
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400 1 69 
500 1 05 
600 22 
[a] pecific surface area. 
[b]  Total pore volume. 
TPyloJ (cc/g) 
0. 1 42 
0 .373 
0. 1 52 




1 4 .2 
27.8 
2.3.5 Cr-Ti m ixed oxide 
Chromium -titanium mixed oxides with different Cr/Ti rat ios were successfully 
obtained and characterized. The formula Cr-Ti-x wi l l  be used to identify the products 
here x represents the value of [Ti/(Ti+Cr)] x 1 00%. amples with x values of 1 0, 
50, 60, and 90 were prepared. The composition and the textural properties of the 
products were dependent on the start ing Cr/Ti ratio and the calcinat ion temperature. 
2.3.5. 1 FTI R  chara cterizat ion  of Cr-Ti-Oxide 
The FTI R spectra of Cr-Ti-x with different titanium contents are shown in Figu re 
2 .23, which also shows the spectra of pure Ti02 and Cr203 for comparison. The 
spectrum of the sample with low Ti content, Cr-Ti- l 0 displays bands centered at 567 
and 63 8 cm- I that can be referred to Cr-O stretching based on comparison with the 
peaks displayed by the spectrum of pure Cr20J . The spectrum indicates the absence of 
segregated Ti02, which suggests the dispersion of the Ti4+ ions in  the Cr203 lattice. On 
the other hand, the spectra of Cr-Ti-50 and Cr-Ti-90 are different from the 
corresponding spectra of pure Cr203 and Ti02. They show very broad absorption 
bands that cover the whole region between 400 and 1 300 cm- I . Another absorption 
band in  the region 1 300- 1 400 cm- I i s  observed in  the spectrum of Cr-Ti-50. The 
observed d ifferences in Cr-Ti-50 spectra when compared with the pure oxides 
i ndicate the formation of new metal-oxygen bonds and present an evidence for the 
fonnation of a sol id  solution. 
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Figure 2 .23 FTIR spectra for the C r203, Cr-Ti- l O, Cr-Ti-50, Cr-Ti-90 and Ti02. 
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2.3.5.2 XRD characterizat ion of Cr-Ti-Oxide 
XRD analysi was obtained for Cr-Ti-50, Cr-Ti -90, and Cr-Ti- 1 00 (prepared pure 
TiOz). The XRD pattern of the pure TiOz product calcined at 500 °C, Figu re 2 .24 
(d), indicates the formation of a mixture of two Ti02 phases, anatase and rutile. 
Comparing the patt rn of Cr-Ti-90, Figu re 2.24 (c), with that of pure Ti02, three 
interesting remarks can be pointed out. First, the mixture shows a pattern that 
res mbles Ti02 with no peaks for pure Cr203 indicating well dispersion of the Cr
3+ 
ion in  the titanium oxide lattice. Second, the peaks are significantly broader than 
those of pure Ti02 indicating smaller crystal l ites. This decrease in the crystal l i te size 
and hence an expected increase in  the spec ific surface area can be referred to the 
presence of the chromium ions. Third, no ruti le peaks are observed indicating that the 
presence of 1 0% Cr hindered the transformation of the anatase to ruti le which is 
known to occur upon heati ng anatase at temperatures 2 500 °C .  [50)  This stabi l ization 
of the anatase form is very s ignificant as the anatase is known to be more catalyt ical ly 
active than ruti le in  several processes. [50) 
The XRD pattern of Cr-Ti-50 calcined at 500 °C,  Figure 2.24 (b) ,  shows the presence 
of segregated Cr203 and poorly crystal l ine Ti02. The fact that the Ti02 peaks are very 
weak and broad may indicate the formation of weakly crystal l ine sol id solution where 
some Cr
3+ ions are d ispersed in Ti02 lattice bes ides the formation of some free CrZ03. 
Comparing these results with the results obtained for Cr-Fe-50 and Cr-Ti-90 where 
homogeneous sol id solutions were obtained, it can be concluded that equal amounts 
of Cr and Ti ions cannot be d ispersed homogeneously in a solid solution. Hence, less 
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Figure 2 .24 The XRD patterns of Cr-Ti-x sol ids after calcination at 500
°C :  (a) Cr-Ti-
O. (b)  Cr-Ti-SO. (c) Cr-Ti-90. (d)  Cr-Ti- l OO. 
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2 . .  5.3 2 ad orpti n tudy of r-Ti-Oxide 
Intcre tingl , the r-Ti mi ed ides, showed urface areas signi ficantly higher than 
tho e [ the corre ponding pure 0 ides, r2 J and Ti 2. urface areas measured after 
calcinati n at 400 ° and 500 °C ar presented in  Table 2 .7 .  I n  particular, Cr-Ti-50 
hovv' the highe t pecific urface area a compared with other compositions. Cr-Ti-
50 ha 'pecific urfac areas of 3 1 7  m
2
/g and 1 06 m
2
/g after calcinations at 400 °c 
and 500 ° , re pectivel . These high urface areas correspond to the low crystal l in ity 
of the pr duct and upport the interpretation of the X RD resu l ts.  These results indicate 
that combining both metals, Cr and Ti in a mixed oxide produces a significant ly  
h igher pec ific urface area and enhances resistance to s intering as compared with the 
corre ponding pure oxide . 
The product with equal amounts of chromium and t itanium, Cr-Ti-50 was selected for 
ful l  adsorption-desorption isotherm study after calcination at 400 °C and 500 °c. The 
i sotherm recorded after calci nations at 400 °c, Figure 2.25 is a typical type I 
i sotherm as characterized by the quick increase i n  the amount of adsorption at low 
relative pressure. This i sotherm typical ly indicates a microporous powder with no 
s ign ificant mesopores. The pore size distribution presented in Figure 2 .26 shows a 
very narrow distribution with an average pore diameter of 2 .5  om for pores < 1 00 om, 
whi le the total pore volume was 0. 1 99 cc/g. 
When calcined at 500 ° , Cr-Ti-50 showed a typical type I V  isotherm that 
corresponds to a mesoporous materia l .  Figure 2 .27  shows a capi l lary condensation 
behaviour and hysteresis loop that i ndicates the dominance of mesopores. The pore 
s ize d istribution based on the adsorption branch of the isotherm, Figure 2.28 shows a 
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relatively narr w distribution with an a erage pore diameter of 6.8 run for pores < 1 00 
nm, with the total pore volume of 0. 1 8 1  cc/g, Table 2.8 .  
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Table 2 .7  The spec ific surface areas of Cr-Ti -Oxides at d ifferent calcination 
temperature . 
Composition Calcination temperature and surface area (mL/g) 
400 °C 500 °C 
Cr-Ti- l OO 64 1 3  
Cr-Ti-90 75 1 00 
Cr-Ti-60 208 77 
Cr-Ti-50 3 1 7  1 06 
Cr-Ti- l O  74 57 
Cr-Ti-O 47  27 
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Figure 2.27 N2 adsorption/desorption isothenn of Cr-Ti-50 calcined at 500 °C.  
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Figure 2 .28 Pore size distribution of Cr-Ti-50 calci ned at 500 DC .  
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[a] p cific urface area. 
[b] Total pore volume. 
TPylbJ (cc/g) 
0. 1 27 
0. 1 8 1  
0.020 
[c ] Average pore diameter (for pores < 1 00 nm).  
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APDlej (nm) 
1 8 .9 
6.8 
5 .7 
2.3.6 r-AI  m ixed oxide 
I -gel method, the preparation of chromium-aluminum mixed oxides with 
certain 1/ r rat io wa po ible. Only comp ite f high aluminum content, Cr-Al­
x, wh re . = 75, 90 and 95, were pos ible hile low aluminum contents, x � 50, 
re ulted in  oil products that were not investigated further. The composites Cr-AI-75 
and r- 1-90 v ere 1 10 and brown-yel low powders respectively, after calcination 
at 500 °C .  
2.3.6. 1 FTI R  characterizat ion of  C r-Al-Oxide 
The FTl R  pectra of elected Cr-Al-x samples are shown in Figu re 2.29 along with 
the spectTa of pure Cr203 and pure AhO) for comparison. The d ifferences in  this 
region obser ed i n  the spectra of Cr-Al-x indicate the formation of new metal-oxygen 
bond which presents an e idence for the formation of mixed oxides. 
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Figure 2 _29 FTI R  spectra of Cr203, Cr-Al-75,  Cr-Al-95 and pure A1203 -
8 1  
2.3.6.2 XRD cha racteriza t ion of  r-AI-Oxide 
The XRD pattern of r- 1-90 calcined at 500 ° , Figure 2 .30, showed very 10 -
inten it and broad peak that are r ferr d to AhO) based on comparison with the 
known XRD patt rn of hO). [5 1 ) The broadness and the very low intensity of the 
peak indicate an amorph u powder. The ab ence of peaks for Cr20) indicates the 
di p r ion of the chromium ion in the alumina lattice and the absence of any 
egregated Cr20) . The c rr p nding pattern of Cr-AI-75, Figu re 2 .30, hows no 
d iffraction peak indi  at ing an amorphous powder. ol-gel prepared alumina, AhO), 
is known to be poorl cr sta l 1 ine or amorphous after calcinat ions at 500 °C. [5 1 ]  
omparison with l iterature on pure A120) indicates that the presence of Cr
3+ may 
further hinder the cr tal 1 ization of A1203 . 
2 .3.6.3 Surface a rea of  C r-AI-Oxide 
urprisingly, the mixed oxide catalysts, Cr-Al-x, shows surface areas which are 
considerably  lower than those of the pure Ah03, Table 2.9 .  On the other hand, the 
prepared A120) shows a sign ificantly higher speci fic surface area, 357 m
2
/g after 
calcination at 500 °C,  as compared with commercial h igh-surface-area AhO), 1 36 
m
2
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Figure 2 .30  The XRD patterns of Cr-Al-x sol ids after calcination at 500 °C :  (a) Cr-Al-
75,  (b) Cr-Al-90. 
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Table 2.9 The pec i fic  surface area of Cr-AI-Oxide (with d ifferent Cr:Al rat ios) at 
various calcination temperatures. 
Cr-Al-x Calcinat ion temperature and surface area (m.l/g) 
400 DC 500 DC 
Cr-AI- I 00 388 3 5 7  
Cr-AI-95 66 1 08 
Cr-AI-90 - 1 6  
Cr-AI-75 - 6 
Cr-AI -O 47 3 3  
84 
2.4 Conclu  ion 
Pure high-surface-area chromium 0 ide, Cr203, was obtained by forced precipitation 
from alcohol ic solution of Cr(N03)3 .9H20. Calcination of the prec ipitate at 
temperature � 400 °C resulted in  high surface area pure Cr203. 
Chromium-iron mixed oxides were successfu l ly  prepared by co-precipitation method 
with d ifferent CriPe ratios. The mixed oxides showed unique textural characteristics 
that are significantly different from the corresponding characteristics of the pure 
oxides. The characteristics of these binary oxides were dependent on the calcination 
temperature and the composition. While Cr-Pe-90 is more porous with smaller pores 
after calcinations at 500 °C compared with the corresponding pure oxides, Cr-Pe- l O  is 
less porous with more open surface and larger crystals .  On the other hand, Cr-Pe-50 
is mesoporous with larger speci fic surface area than the other compositions and the 
pure oxides. The textural characteristics of Cr-Pe-50 were dependent on the 
calcination temperature. 
M ixed oxides of chromium and t itanium were obtained by sol-gel method. Whi le the 
composite containing equal amounts of both metals contained some Cr203 besides a 
mixed oxide phase, the chromium ions were wel l  d ispersed in  the lattice of Ti02 in  
the case of low chromium content. S imi larly, the titanium ions were completely 
d ispersed in  the lattice of Cr203 in the case of low titanium content. The Cr-Ti mixed 
oxides showed unique textural properties. Smaller particle sizes and higher surface 
areas were general ly  obtained for the mixed oxides as compared with the 
corresponding pure oxides. In addi tion, the presence of 1 0% Cr hindered the usual 
transformation of the anatase to ruti le phase of Ti02 which is expected to increase the 
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catalytic act ivity of the Ti02 since anatase form is known to be more catalytical ly  
active than ruti le. omparing Cr-Fe with Cr-Ti systems it i s  evident that mixing 
equal amounts of Cr and Fe ions result in a homogeneous sol id solution whi le equal 
amounts of Cr and Ti ions cannot be dispersed completely and homogeneously to 
form a binary oxide lattice. 
In the case of chromium-aluminum mixed oxide, only composites of high aluminum 
content, Cr-Al-x, where x = 75, 90 and 95, were possible whi le  the preparation of 




Catalytic Activity of  the  P repared Cata lysts in  the Conversion of Methanol  to 
Env iro n m en t a l ly Clea n Fuel and Valuable Chemicals 
3. 1 I n t roduction 
Methanol which can be produced from natural gas, i s  an important intermediate in  
fuel  production and industrial chemistry. Methanol can be converted to dimethyl ether 
(DME) which are considered as an alternative c lean fuel and can also be converted 
i nto l ight olefins through a process cal led MTO conversion. MTO has an economic 
advantage over the conventional processes of naphtha cracking and other technologies 
of natural gas of ut i l i zation. I ts partial oxidation methanol to formaldehyde and 
methyl formate is of great i nd ustrial importance. Methanol can be used as a source of 
H2 fuel through its total oxidation to CO2 and H2. A l l  of these processes are entire ly 
cata lytic where the catalyst wi l l  play an important role. 
D imethyl ether is the s implest ether with a chemical formula of C H30CH3 . It is a 
stable substance in  l iquid and gas phases, with a boi l ing point of -25 . 1 °c under 
atmospheric pressureY l ] It is relatively inert, non-corrosive, non-carcinogenic and has 
an atmospheric l i fetime of only a few days, thus showing promise for reduci ng 
pol lutants and providing c leaner air i f  used as a fuel material .  [
33
,
38J Therefore, it has 
recently attracted a great attention as a clean and alternative fuel especial ly that it can 
be economically produced from a variety of hydrocarbon materials. [40] 
During the last few years, with i ncreasingly stringent environmental regulations, 
DME has received the attention of various companies, research centers and 
universities in leading countries, due to i ts potential use as a c lean alternative fuel .  In  
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fact DME can be used in diesel engines due to its low NOx and SOx emission, near­
zero smoke and less engine noise compared with the values of  traditional diesel 
fuelsy,u5j It is also used as an interm diate for making important chemicals,f36) for 
gas turbines, household uses, (26) thermoelectric power plants and fuel cel ls as wel l  as 
a substitute for natural gas and liquefied petroleum gas (LPG)Y4] In addition, DME 
can be easi ly hand led, stored and transported. [4 1 1  
DME can be produced from methanol by combining two methanol molecules to 
produce a DME molecule and a water molecule. Methanol is firstly produced from a 
base source such as LPG natural gas or coal and is then converted into dimethyl 
ether. DME production from methane requires a methane reforming step to produce 
the syngas which is then converted to DME. There are various companies developing 
methods of DME production. 
DME production from solid raw materials such as biomass and coal requires more 
processes than its production from gases such as natural gas and LPG. This is because 
the sol id  materials need to go through the gasification process to produce the syngas 
required for the DME synthesis. [52) 
Dehydration of methanol to DME takes place using acid catalysts according to the 
fol lowing overal l reaction : [53 ) 
H+,  heat 
+ 
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The most widely acceptable mechanism proposed for this reaction is shown in the 
fol lowing scheme: 
tep 1 :  Proton transfer from the acid catslyst to the oxygen of the alcohol to produce 
an alkyloxonium ion. 
H C--O 3 . .  




H3C--O "" . .  H 
Methyloxo n i u m  ion 
Step 2: Nucleophi l ic attack by a molecule of  alcohol on the alkyloxonium ion formed 
in step 1 .  
Methanol Methyloxonium ion 
Slow H3C" + /q-CH3 + 
H 
Dimethyloxonium ion 
Step 3 :  The product of step 2 is the conj ugate acid of the dialkyl ether. I t  1S 
deprotonated in the [mal step of the process to give the ether. 
+ CH H", . .  fast . . /CH3 H", + H C--O/ 3 + O--CH3 -------- H3C--O + /?--CH3 3 (FH\ ) 
H 
Dimethyloxonium ion� Methanol Dimethyl ether Methyloxonium ion 
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The conversion of  methanol to DME using heterogeneous catalysts has also been 
explored as the economically efficient route. [36] The two main advantages of  
heterogeneous catalysis over homogeneous catalysis are the ease of separation of  
catal st [rom reagents and product at the end of the reaction and the operational 
l ifetim i generally quite long. Removal of a homogeneous catalyst from the reaction 
mixture can be difficult and expensive and they have quite variable l i fetimes before 
catal st replacement is required. One of  the methods that have been investigated to 
produce DME on large scale is the dehydration of methanol over heterogeneous 
catalysts. (36) Several sol id catalysts have been studied for this process especially 
catalysts that are based on zeolites and mixed oxides. Since the catalysts play a key 
role in all methanol conversion processes, exploring new active and more selective 
catalysts has been of  great importance for economic and environmental reasons. 
I n  this chapter, the catalytic activity of  the catalysts prepared in  this study wil l  be 
investigated for the conversion of methanol .  This study includes the reparation of the 
prepared mixed oxides, Cr203, Fe203, and Ah03. It also involves commercial Ti02, 
Ah03 as wel l  as Fe203. Comparison between the catalysts and correlation between the 
catalysts' activity and the composition as wel l  as textural characteristics were 
discussed. 
3.2 The catalyt ic  study:  experi menta l  p rocedu re 
The catalytic methanol conversion reactions were studied using a continuous-flow 
fixed-bed reactor (Figure 3. 1 )  coupled with FTI R  spectrophotometer (Nicolet Nexus 
470). An IR cell was connected directly to the reactor al lowing for in-situ analysis of 
the gaseous products exiting at the reactor. The IR cell was made of a 1 0-cm long 
9 1  
Pyrex tub (25 mm diameter) equipped with two KBr windows and an inlet as wel l as 
an outlet for gases. The reactor was made of a U-shaped stainless steel tube of 4 mm 
inner diam ter. Methanol is introduced to the reactor by bubbl ing a mixture of the 
carrier gas He and 0 ygen (25% vol . )  through methanol bubbler at room temperature 
with a total flow rate of 20 mUmin. In all experiments 0. 1 5  g of the catalyst was 
packed in the reactor between glass wool plugs. Before each reaction, the catalyst was 
heated for 1 hour under the same He/02 flow at 400 °C . The reactor was heated using 
a tube furnace and the temperature was monitored by a temperature control ler 
equipped with K-type thermocouple posit ioned in the proximity of the catalyst bed. 
The gases exit ing at the reactor were al lowed to flow through the gas IR cell which 
was connected directly to the reactor. FTI R  spectra of the products were recorded 
continuously every two minutes for a period of two hours. A blank spectrum of the 
cel l  with flowing He/02 gas, recorded separately under the same conditions without a 
reaction, was subtracted as a background from each spectrum. The activity was 
expressed in terms of % conversion which was calculated based on comparison with 
the spectra recorded for blank experiments carried out under the same conditions 
without the presence of any catalyst. 
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Figure 3 . 1 The experimental setup used in the catalytic study. 
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3.3 M ethanol  com'er ion over C r-Ti-Oxide cata ly t 
om er ion of methanol \\ a tud i d over mixed Cr-Ti -Oxide catalysts. Cr-Ti -60 and 
r-Ti- l 0 a' wel l  a on the corre ponding pure . ide , prepared C r203 and commercial 
Ti02. Intere t ingly. the r-Ti mixed oxides showed signi ticant ly higher total 
com er i n. act i\  ity. than the corresponding pure ox ides as shown in Figu re 3.2 .  
Whi l pure Cr203 and Ti02 howed total converSIOn around 23% and 20%. 
re pecti'  e ly .  Cr-Ti mixed oxide showed total conversion around 40%. The 
compo ite Cr-Ti -60 howed s l ight ly higher conversion than Cr-Ti- l O. The higher 
cony r ion of the mixed oxides can be refen'ed to their  higher spec i tic  surface areas as 
compared with the pure 0 ' ides as was discussed earl ier. H igher surface areas are 
e. pected to be a sociated with the exposure of more active surface sites and hence 
enhanced catalytic act ivi t  . A lso. the rel at ively higher porosity may have played a 
role i n  i ncrea i ng the activity by exposing more act ive sites such as comer and edge 
ites. Beside the effect of the enhanced urface area and pore c haracteristics. i t  seems 
that combining both metal ions affect surface acid-base propert ies as d isc ussed below. 
Furthermore. the higher catalytic act iv i ty of the Cr-Ti mixed ox ides when compared 
with pure Ti02 may be. i n  part. referred to the fact that C r3+ ions i ncorporated in Ti02 
h indered the anatase to mti le transformation, as confirmed by XRD analysis. see 
chapter 2 .  
The products profi les from the reactions over the d ifferent Cr-Ti-based catalysts are 
shown in Figure 3.3.  Whi le  pure Ti02 resulted main ly  in  the formation of dimethyl 
ether ( DME) ,  pure Cr203 led to a mixture of DME and CO2. On the other hand, the 
composites resulted in a mixture of the products with the desired product DME 
domi nating. e pec ial ly  over the catalyst with lower Cr content, C r-Ti -60. The 
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formation of meth) I formate ( [ F) wa al 0 enhanced over the composites. 
I ncrea i ng th Cr content to 90°"0 re ulted in  a decrease in the formation of DME and 
enhanced the formation of CO2 a compared \\ ith catalyst containing 60% Cr. The 
f0n11at ion of 0 IE from methanol result  from the dehydrat ion of methanol which is  
knO\\ n to occur O\ er Lewi acid i te on the urface[
36] and, hence, reflects the Lewis 
acidity of the urface. On the other hand. the formation of M F  and CO2 reflects the 
redox abi l ity of the surface. In many catalytic redox reactions the act ivi ty depends on 
the labial ity of the urface lattice oxygen ions which get involved in  the oxidation 
pro e s .  Therefore. the enhancement of the ox idation products, M F  and CO2, over the 
Cr-Ti composites may indicate weaker M-O bonds in  the mixed oxides as compared 
with the pure oxides. TillS increases the labial ity of the surface lattice oxygen which. 
in  tum, enhances the oxidation process. On the other hand the enhancement of DME 
formation. especial l y  over Cr-Ti-60. indicates an increased abi l i ty of the surface for 
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Figure 3 . 2  % Conver ion of methanol over Cr20], TiO}, and Cr-T i  mixed oxides. 
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F igure 3 . 3  The products' select iv ity of the catalytic conversion o f  methanol over Cr-Ti 
m ixed oxides and their corresponding pure oxides. 
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304 Methanol  conver ion 0\ er C r- Fe-Oxide cataly ts 
1 than I com er ion "" a tudied over pure r203 and a-Fe103 as wel l  as Cr-Fe-50 
and r-Fe-90 mixed oxid . I nter t ingly.  the overa l l  catalytic act ivi ty of the mixed 
oxide wa igni ficant ly  higher than both pure ox ides a shO\\'n in Figu re 304.  While 
Cr2 3 and a-Fe103 showed total conversions of  -23% and - 1 4% re pect ively, the 
mixed oxide with equal amount of both metals .  Cr-Fe-SO. sho\',:ed % com-'er ion 
around 60°'0. I t  i noteworth) that the catalyst with only 1 0% Cr, Cr-Fe-90. resulted i n  
- }  0/0 conversion a compared with 1 4% for pure a-Fe103 . Correlat ing the catal yt ic 
act i\  ity with textural propert ie  presented in  table 2 .5 .  we bel ieve that th is  enhanced 
activ ity i re lated. to ome extent. to the higher surface area of the mixed oxides. 
B ides the high surface area. re latively high total pore vol ume and the pore s ize is  
expected to play a role  i n  i ncreasing the act ivity by exposing more active s ites such as 
corner and edge sites. Al though the surface areas and pore characteristics have an 
effect. \',;e bel ieve that e lectronic change distribution that result from combin ing both 
metals in one oxide matrix in the form of a sol id sol ution play an important role in  
th is  process. This  i s  evident from other s imi lar experiments conducted using high­
surface-area commercia l  a-Fe203 (from MAC H I  Co.) with a surface area of 225 m
2
/g. 
total pore vol ume of 0 .59 cc/g, and an average pore d iameter of 1 3  run. Although the 
surface area and the pore volume of this pure oxide are significantly higher than those 
of a l l  studied catal ysts. and has a very s imi lar pore diameter. i t  showed a catalytic 
activity very c lose to that of the prepared a-Fe20J. which is  considerably less than 
that of the mixed oxides. 
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F igure 3 . 4  % Conversion o f  methanol over Cr20J, Fe20J, and Cr-Fe mixed oxides. 
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[he e lecti\ it; to the d ifferent pr duct is h wn i n  Figu re 3.5 .  While pure Fe203, 
\\ hi h had th lowe t acti\ it), re ult  d main l )  in the formation of dimeth) I ether, pure 
Cr203 ga\ e a mixture of 0 I E  and CO2. Th mixed ox ide re u l ted in mixtures of the 
pr duct \\ hich \\ re dependent on the compo i l ion of the catalyst. Int restingly, 
doping iron ox ide \\ ith 1 0% Cr. Cr-Fe-90, ign i ficantly enhanced the formation of 
D I E .  The formation of methyl formate ( M F )  was a lso enhanced by both mixed 
ox ide cataly t . I ncrea ing the Cr content from 1 0% to 50% resulted in a decrease in  
the formation of 0 I E  and M F  whi le  igni ficantly enhanced the formation of CO2. As 
di  cu ed earl ier, the formation of DME from methanol results from the dehydration 
of methanol which i known to occur over Lewis ac id sites on the surface. Hence, 
reflect the Le\.vis  ac idit. of the surface. On the other hand, the formation of MF and 
CO2 reflects the redox abi l ity of the surface.  The enhancement of the oxidation 
products, MF and CO2, O\'er the Cr-Fe-50 composites i ndicates that the redox process 
dominates and may reflect weaker M-O bonds as compared with the pure oxides. 
E nhanced fomlation of DME over Cr- Fe-90 indicates the dominance of reactions on 
Lewis acid sites result ing in  dehydration of methanol ,  as the main reaction. I ndeed, 
more vvork is needed, especia l ly,  theoretical work, to explain such changes. 
Mean\vhi le, it can be concluded, based on the current resul ts, that catal ysts with lower 
Cr content are more suitable for methanol dehydrat ion whi l e  catalysts \. ith equal iron 
and chromi um content are more suitable for complete oxidation.  Comparing Cr-Ti 
and Cr-Fe systems. it  can be concluded that the effect of combining Cr and Fe in 
enhancing the catalytic act ivity is  more pronounce than the effect of combining Cr 
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Figure 3 . 5  The products' select iv i ty o f  the catalytic conversion o f  methanol over Cr-
Fe mi ed oxides and their correspondi ng pure oxides. 
1 0 1  
Th proce of total 0 idation to O2 i exp cted to produce hydrogen which is not 
det ctable  under our experimental condit ions. This is an extremel important process 
'v\ here methanol can be uti l i zed a a ourc of h drogen for fuel  ce l l s .  The finding of 
the current tud, indicate that combining Cr and F in  a mixed oxide can be 
employed to fabricat a potential cata lyst for thi proce . 
Furthermore. methy l  formate ( M F)  is a valuable  product used for the synthesis  of 
variou organic compound . uch as formic acid.  formam ide,  polyformaldehyde, 
pheno l fOimaldehyde and carbon monox ideYS.54.55 1 The gas phase dehydrogenation of 
methanol to methyl formate i a first step in  the synthesi s  of acetic ac id.  N. l -
d imeth. l formamide and hydrogen c _ anide. [ 56 ] Methyl formate ( M F )  was produced via 
the process of the dehydrocoupl i ng of methanol catalyzed by copper-containing 
catalysts: [57j MF was produced in  about 50% yie ld with methano l convers ions above 
60°'0 at 320 °C i n  patented l i teratureYSj Methanol dehydrogenation was performed at 
a temperature range of 1 70-350 0C, and copper is known to be a catalyst species for 
se lective production of MF .  Transit ion meta ls  other than Cu decompose methanol into 
CO or methane. [ 57] 
I n  addit ion to the importance of these catalysts for the production of  DME.  M F  and 
H2 from methanoL the oxidation catalysts are signi ficantly important in the complete 
oxidation of environmental pol lutants. Catalytic oxidat ion is one of the promising 
methods for a ir  puri fication and removal of  volati le  organic compounds ( VOCs). 
everal transit ion metal oxides catalysts. i nc l ud ing Cr203 . ha e shown significant 
catal yt ic  potential  for the complete oxidation of VOC . [9 ] The enhanced oxidation 
act iv i ty exhibited by mixed Cr-Fe-ox ide catalyst in this study is of great signi ficance 
1 02 
for thi important em ir nmental appl icat ion.  The re ult  presented here can be u ed 
toward the fabrication of act ive oxidation cata ly ts for the 0 idat ive degradation of 
em i ronmental pol lutants. 
3.5 Methanol  conyer ion over Cr-AI-Oxide catalysts 
Com er ion of methanol  was studied over pure and mi  ed Cr-AI oxide catalysts. I n  
contra t to the other s y  tern di  cussed abo e ,  pure Ah03 showed higher conversion 
of methanol than the mixed Cr-AI oxide as shown in Figu re 3.6.  In other words. the 
pre ence of Cr3+ ions in  bO) considerably suppressed i ts  cata lyt ic  activity i n  this 
reaction. These results are in  agreement with the known strong Lewi acidity of 
a lumina urface which i expected to strongly drive the dehydration reaction to DME.  
Compared with al l other catal ts. pure Ah03 showed the highest total conversion of 
methanol where only D M E  formed. The incorporation of Cr into the a lumina resulted 
in a decrease in the catalyt i c  activit  reflecting a decrease in surface Lewis acidity.  
This  can be explained by the replacement of  some a l uminum ions. which are strong 
acid  s ites. by less acidic chromium ions. 
The products profile  of the reactions over the C r-AI catalysts is presented in  Figu re 
3.7.  The only product that formed over pure A hO) was DME indicat ing the 
dominance of dehydrat ion reaction of methanol which is  known to take place on 
surface Lewis acid sites. The addition of Cr ( 5 %  and 1 0%), besides suppressing the 
overa l l  act ivity. resulted in the formation of some MF and CO2 indicating some 
decrea e in  the surface Lewis ac idity and a s l ight enhancement of the surface redox 
abi l ity. This behavior can be attributed to the presence of Cr3+ ions on the surface, 
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Figure 3 .6 % Conversion o f  methanol over Ah03, C r203, and Cr-Al mixed oxides. 
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3.6 The cata lytic activ ity of  prepa red h igh- u rface-a rea h03 ver u com m ercia l  
h03 
lnce h03 ha hO\\TI the highe t cata l yt ic  activ i t} and the highe t select ivity to 
DME, it wa further tudied. The catalytic act iv i t  o f  prepared high-surface-area 
hOl calcined at 400 °C ( 3 8 8  m
2/g ) and 500 0 ( 3 5 7  m
2
/g) was studied and compared 
\\ ith that of commercial  h igh-surface-area hOJ ( 1 3 6  m2/g) .  On a l l  pure alumina 
cata l )  st . the major product \Va DME and negl igib le amounts of  CO2 and MF were 
ob l"\ ed. The % conyer ion and the yields by the d ifferent alumina catalysts are 
pre ented in Figu res 3.8 and 3.9.  
I ntere t ingly, the prepared AhO) calc ined at 500 °C showed higher activity than the 
analogous commercia l  AhO) While the commercia l  Ab03 showed a % conversion of 
84%, the prepared sample showed 90% conversion, as hown in Figu re 3.8.  On the 
other hand. prepared Ab03 calc i ned at 400 °C showed total conversion around 68%. 
The higher act iv i ty of  the prepared Ah03 at 500 °C compared with the commercial  
h03 could be due to the h igher specific  surface area o f  the prepared one.  The lower 
act iv i ty of Ah03 calc ined at 400 °C whi le it has the highest surface area indicates that 
the act iv i ty does not depend only on the surface area but more important ly  on the 
urface characteristics. Therefore. the higher act iv i ty of the prepared Ab03 calcined at 
500 °C a compared with that calcined at 400 DC can be referred to its more active 
surface as a resul t  of  further dehydroxylation of the surface. The dehydro ylation at 
higher temperatures resul ts  in the exposure of more Lewi acid  sites. AI3+ . In fact, 
these results support the proposed role of Lewis ac id  s i tes in the dehydrat ion of 
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Figure 3 . 8  % Conversion of  methanol over commerc ia l  AbO) ca lc ined at 500 DC . 






50 " a; 




1 0  
0 
e M -A lzo/500 °e 
com m erc ia l  
A lzo/400oe 
p re p a red  
::: % DME %M F %C02 
A lzo/500oe 
p re p a re d  
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The e re ult  a l lo\\ u to propose the fol lowing po ible cherne (only chematic and 
not true g ometry i hown) for the dehydrat ion of methanol 0 er a lumina where 
Le\\ i ac id i te p lay a k ) role :  
tep 1 .  Dis ociative adsorpt ion on a Lewis acid  si te (A 13+) and a neighboring basic 
ite. 
H3C, 












Part ial) h) drox:J lared surface 
tep 2. Reaction of another C H30H molecule wi th the surface methoxy group and the 
neighboring Bronsted acid  ite. 
H , 
O-CH I I 3 
I I 







H-O-H + AI-O-AI-O-AI 
wh ich regenerates the 
original surface 
I ndeed more careful  studies are needed to confirm such a reaction scheme and to 
elucidate the scheme of redox reactions on the other catalysts studied. 
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3.7  Conclu ion 
The r-Ti mixed oxide howed higher total conversion than the corre ponding pure 
oxide , Cr20) and Ti02 . The compo ite Cr-Ti -60 sho'vved l ight ly higher con ersion 
than Cr-Ti- l O . The higher com'er ion of the mixed oxide can be referred to their  
higher pec ific urface area as compared with the pure ox ides. Beside the effect of  
the enhanced urfa e area, i t  eem that combin ing both metal ion affect surface 
ac id-ba e and redox propert ie a indicated by the yield of the different products. 
Furthermore, the higher catalytic act ivity of the Cr-Ti mixed oxides when compared 
with pure TiOl could be in part. referred to the fact that Cr
3+ ions i ncorporated in T iO:! 
hindered the anatase to ruti le transformation. The Cr-Ti mixed oxides resulted in  a 
mi.  ture of  the products with the desired product DME domi nating, especia l ly  over the 
catalyst \\ ith lower Cr  content, Cr-Ti-60. 
The catalytic act iv ity of the Cr-Fe mixed oxides was significant ly  higher than the 
corresponding pure oxides. This enhanced act ivity can be, in  part. related to the higher 
surface area of the m i xed oxides. Besides the high surface area, the relat ivel y  h igh 
total pore volume and the medium mesopores size may have p layed a role in  
increas ing the acti" i ty by exposing more active sites such as  corner and edge sites. 
A lthough the surface areas and pore characteristics have an e ffect. i t  is  bel ie ed that 
electronic changes that result from combining both meta ls  in  one oxide matrix i n  the 
form of a sol id solution p lay an important role  in  this process. This wa supported by 
experiments on commerc ia l  high-surface-area Fe203 with sign ificantly higher porosity 
\.o\ hich showed much lower act ivity than all prepared mixed oxides. The mixed oxides 
resulted in mixtures of  the products which were dependent on the composition of the 
catalyst. I nterest ingly,  doping iron oxide with 1 0% Cr, Cr-Fe-90, sign i ficant ly  
1 1 0 
enhanced the fom1ation of 0 I E .  [ ncrea ing the Cr  content from 1 0% to 50% resulted 
in a decrea e in the formation of DME and M F  'v\ h i l e  s ign i fi cantly enhanced the 
fom1ation of O2• Based on the current resul t . i t  can be concluded that catalysts 'v\ ith 
10\\ r Cr content are more uitable for methanol dehydration whi le catalysts with 
lower i ron content are more uitab le for complete oxidation. 
Pur bO) howed higher com erSlOn of methanol than the m ixed Cr-AI oxides. 
Compared with a l l  other catalysts, pure AbO) showed the h ighest total conversion of 
methano l .  The only product that formed over pure AbO] was DME indicating the 
dominance of dehydration reaction of methanol  on surface Lewis acid sites. The 
prepared 1203 calc i ned at 500 °C showed higher act ivity than the analogous 
commerc ial AbO], which may be referred to the higher spec ific  surface area of the 
prepared one. On the other hand, the higher act ivi ty of the prepared AhO) calc ined at 
500 °C as compared with that calc ined at 400 °c can be referred to its more act ive 
urface as a resul t  of further dehydroxylation of  the surface, exposing more Lewis 
acid  act iYe sites. 
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